Spinal Muscular atrophy is a prevalent genetic disease caused by mutation of the SMN1 gene, which encodes the SMN protein involved in assembly of small nuclear ribonucleoprotein (snRNP) complexes. A paralog of the gene, SMN2, cannot provide adequate levels of functional SMN because exon 7 is skipped in a significant fraction of the mature transcripts. A C to T transition located at position 6 of exon 7 is critical for the difference in exon skipping between SMN1 and SMN2. Here we report that this nucleotide difference results in increased ultraviolet light-mediated crosslinking of the splicing factor U2AF 65 with the 39 splice site of SMN1 intron 6 in HeLa nuclear extract. U2 snRNP association, analyzed by native gel electrophoresis, is also more efficient on SMN1 than on SMN2, particularly under conditions of competition, suggesting more effective use of limiting factors. Two trans-acting factors implicated in SMN regulation, SF2/ASF and hnRNP A1, promote and repress, respectively, U2 snRNP recruitment to both RNAs. Interestingly, depending on the transcript and the regulatory factor, the effects on U2 binding not always correlate with changes in U2AF 65 crosslinking. Furthermore, blocking recognition of a Tra2-b1-dependent splicing enhancer located in exon 7 inhibits U2 snRNP recruitment without affecting U2AF 65 crosslinking. Collectively, the results suggest that both U2AF binding and other steps of U2 snRNP recruitment can be control points in SMN splicing regulation.
INTRODUCTION
Spinal muscular atrophy (SMA) is the most common genetic cause of infant mortality, with an incidence of approximately one in 6000 live births. This neuromuscular disorder progressively affects motor neurons in the anterior horns of the spinal cord, leading to muscular atrophy and paralysis (for review, see Russman 2007) . Homozygous loss-of-function mutations in the SMN1 gene are the cause of SMA (Lefebvre et al. 1995) . SMN1 encodes the SMN protein, which forms, together with seven Gemin proteins, the SMN complex (for review, see Gubitz et al. 2004) . The SMN complex is involved in the assembly of Sm proteins on most U-rich small nuclear RNAs (U snRNAs), an essential step in U-rich small nuclear ribonucleoprotein particle (U snRNP) biogenesis (for review, see Will and Lührmann 2005) . SMN deficiency causes tissue-specific perturbations in the repertoire of snRNAs and widespread defects in splicing that are believed to underpin the molecular pathology of SMA (Zhang et al. 2008) .
The SMN1 gene is located in the complex chromosomal region 5q13 (Brzustowicz et al. 1990; Melki et al. 1990) which in humans contains a large inverted duplication, with a second, more centromeric copy of SMN1, the SMN2 gene. Of relevance for SMA, the SMN2 gene cannot fully substitute for SMN1 because exon 7 is frequently skipped in SMN2, but not in SMN1 transcripts (Monani et al. 1999 ). Exon 7 skipping generates a truncated, SMN2D7 protein isoform, which can only provide limited SMN function (Le et al. 2005) . Several nucleotide differences exist between the genomic sequence of SMN1 and SMN2 genes, and two of them have been implicated in increased skipping of exon 7 in SMN2 transcripts, a critical translationally silent C to T transition at position 6 of exon 7 and an A to G transition at position 100 of intron 7 (Kashima et al. 2007a) . Because the extent of SMN2 exon 7 skipping, which is variable in SMA patients, has been correlated with disease severity (Mailman et al. 2002) , modulation of this splicing event has been proposed as a potential therapy for the disease. Indeed, various strategies have been utilized to harness SMN2 exon 7 inclusion that led to restoration of SMN function in cells in culture and correction of SMN2 splicing in transgenic mice. These include methods that enhance exon 7 recognition using synthetic exon-specific peptide-nucleic acid activators or bifunctional antisense oligonucleotides (Cartegni and Krainer 2003; Skordis et al. 2003) , or antisense oligonucleotides that antagonize a silencer sequence (Hua et al. 2008 ). Additional strategies have included reducing the competitiveness of the exon 8 39 splice site (Madocsai et al. 2005) or employing transsplicing to redirect SMN2 splicing (Coady et al. 2007) .
Given this potential, understanding the molecular mechanisms underlying differential splicing of SMN1 and SMN2 is of considerable interest. The sequence elements required for exon 7 inclusion in the SMN1 and SMN2 genes have been the subject of intensive studies, including systematic mutagenesis of exonic sequences and antisense oligonucleotide tiling methods (for review, see Singh 2007; Hua et al. 2008) . One concept emerging from these studies is that the sequences in and around SMN exon 7 are dense in splicing regulatory elements. Thus, several splicing enhancers have been defined in exon and intron 7, including a Tra2-b1 enhancer in the central region of the exon which binds Tra2-b1, SRp30c, and hnRNP G (Hofmann et al. 2000; Young et al. 2002; Hofmann and Wirth 2002) . Several splicing silencers have also been identified in exon 7 and flanking introns (Singh et al. 2004 (Singh et al. , 2006 Hua et al. 2007 Hua et al. , 2008 . One key question is how the interplay between these regulatory elements is affected by the nucleotide differences between SMN1 and SMN2 that cause more extensive skipping of exon 7 in SMN2 transcripts Kashima et al. 2007a) .
In this study we focused on how the C to T nucleotide substitution at position +6 of SMN exon 7 influences 39 splice site recognition by the basic splicing machinery. It has been proposed that the T +6 substitution weakens a splicing enhancer recognized by the splicing factor SF2/ASF (Cartegni and Krainer 2002; Cartegni et al. 2006) . SF2/ASF belongs to the SR family of splicing regulatory factors characterized by the presence of one or two RNA-recognition motifs and a C-terminal domain with multiple alternating arginine and serine-dipeptides (for review, see Lin and Fu 2007) . One classical function of SR proteins bound to exonic sequences is to stimulate recognition of the flanking splice sites (for review, see Singh and Valcárcel 2005) . 39 splice sites are initially recognized by the branchpoint binding protein (BBP/SF1) and the 65 and 35 kDa subunits of the U2 Auxiliary Factor U2AF (for review, see Will and Lührmann 2005) . Enhancer-bound SR proteins can promote U2AF 65 binding to the polypyrimidine tract that precedes the conserved AG dinucleotide present at the 39 end of the intron (Zuo and Maniatis 1996; Zhu and Krainer 2000) . The results from other experiments, including tethering of RS domains through heterologous RNAprotein interactions, suggest that other steps in U2 snRNP assembly and even late steps of the splicing process can be stimulated by exonic enhancers and RS domains (Chew et al. 1999; Guth et al. 1999; Kan and Green 1999; . Splicing enhancers can also stimulate splicing by modulating the activity of inhibitory complexes (Zhu et al. 2001) .
Another model proposes that the T +6 substitution creates a splicing silencer sequence in SMN2 exon 7, which is recognized by hnRNP A1 (Kashima and Manley 2003; Cartegni et al. 2006; Kashima et al. 2007b ). Binding of hnRNP proteins to intronic and exonic sequences has been correlated with inhibition of neighboring (or intervening) splice sites (for review, see Singh and Valcárcel 2005) . hnRNP A1 has been shown to reduce the early association of splicing factors (Eperon et al. 2000) , but can also target later events in spliceosome assembly, depending on the pre-mRNA substrate (Tange et al. 2001) . The inhibitory function of hnRNP A1 and possibly other hnRNP proteins often requires homotypic cooperative interactions between RNA-bound molecules, and may be based upon looping out the intervening region of the RNA and/or multimerization of the hnRNP proteins from a high-affinity site to create a silenced region in the pre-mRNA (Blanchette and Chabot 1999; Zhu et al. 2001; Wagner and Garcia-Blanco 2001) . Decreased occupancy of a regulated 39 splice site by U2AF has been reported upon phosphorylation of the splicing regulator Sam68 by the ERK-MAP kinase pathway (Tisserant and König 2008) .
The combinatorial effects of enhancers and silencers, as well as their mutual influences, determine the extent of association of splicing factors with the pre-mRNA. In this manuscript we have tested whether differential recognition of SMN1 and SMN2 exon 7 can be correlated with differential recruitment of U2AF and U2 snRNP to the 39 splice site of this exon, as well as the effects of SF2/ASF, hnRNP A1, and a Tra2-b1-dependent exonic enhancer on these events. Our results suggest that both U2AF and U2 snRNP binding can be control points in SMN splicing regulation.
RESULTS

U2AF binding to SMN1 and SMN2 RNAs
It has been proposed that the higher level of exon 7 inclusion in SMN1 transcripts compared with SMN2 transcripts is due to more efficient recruitment of U2AF to the SMN1 intron 6 39 splice site (Kashima and Manley 2003; Cartegni et al. 2006) . To test this hypothesis, we first confirmed that recognition of SMN1 and SMN2 intron 6 by U2 snRNP requires U2AF (Supplemental Fig. 1) , as is the case for most, but not all 39 splice sites (MacMillan et al. 1997; Lutzelberger et al. 2005; Sridharan and Singh 2007 ). Second, we tested whether the U2AF intrinsic binding affinity is higher for SMN1 than for SMN2 transcripts. Radioactively labeled RNAs comprising the 39 68 nucleotides (nt) of SMN intron 6, SMN1, or SMN2 exon 7 (54 nt) and 25 nt of intron 7 were incubated with purified recombinant U2AF 65 , or partially purified U2AF heterodimer from HeLa cells, in the presence of an excess of unrelated RNA (tRNA). RNA-protein complexes were then resolved by electrophoresis in native gels. To avoid nonspecific RNA-protein interactions mediated by the positively charged RS domain expressed in Escherichia coli (Lee et al. 1993; Singh et al. 1995) , a U2AF 65 derivative lacking the RS domain region was used in these experiments. As expected from the reported binding specificity of U2AF for polypyrimidine tracts (Singh et al. 1995) , U2AF 65 and the partially purifed U2AF heterodimer displayed comparable apparent binding affinities for the SMN1 and SMN2 RNAs utilized, which differ only at position 6 of exon 7 ( Fig.  1A,B ).
Next, the possibility that additional factors, differentially recruited to SMN1 and SMN2 RNAs, influence U2AF binding was addressed using ultraviolet light (UV)-induced crosslinking/immunoprecipitation. The 32 P-uridine labeled RNAs described above were incubated with HeLa nuclear extract, irradiated with short wavelength UV-light, and after RNase A digestion, U2AF 65 was immunoprecipitated using the specific MC3 monoclonal antibody (Gama-Carvalho et al. 1997) . Radioactively labeled U2AF 65 was identified by electrophoresis on SDS gels and Phosphor-Imager analysis. First, the specificity of U2AF 65 crosslinking for the polypyrimidine tract of intron 6 was assessed using mutant versions of the RNAs in which uridine residues in the region upstream of exon 7 were replaced by cytidines ( Fig. 2A , Py-mut). The results of Figure 2C indicate that U2AF 65 crosslinking to both SMN1 and SMN2 wild-type transcripts was readily detectable, while crosslinking to the py-mut RNAs was not, indicating that the crosslinking signal reflects specific interaction of U2AF 65 with the Pytract region of SMN1 and SMN2 intron 6. To verify that the crosslinking/immunoprecipitation assay was quantitative, we performed the assay using increasing concentrations of nuclear extract. The results of Figure 2D show that increasing concentrations of nuclear extract resulted in increased levels of U2AF 65 crosslinking to SMN1 and SMN2 RNAs, indicative of the quantitative nature of the assay. Importantly, the extent of U2AF 65 crosslinking to SMN1 was consistenly higher than to SMN2 RNA ( Fig. 2D , cf. lanes 1 and 4, cf. lanes 2 and 5, cf. lanes 3 and 6). Because the overall pattern of protein crosslinking in nuclear extract is comparable for both RNAs (Fig. 2B) , the difference observed in U2AF 65 crosslinking is specific for the interaction between this protein and SMN1 and SMN2 transcripts. Figure 2E quantifies the results of several independent experiments confirming the approximately twofold higher levels of crosslinking of U2AF 65 to the SMN1 than to the SMN2 intron 6 39 splice site. Time course experiments indicated that the differences in U2AF 65 crosslinking are not due to different kinetics of association of U2AF 65 with SMN1 and SMN2 transcripts (data not shown).
We note that differences in U2AF 65 crosslinking to SMN1 and SMN2 transcripts were detected in extracts that also showed differences in the relative inclusion of exon 7 between SMN1 and SMN2 in in vitro splicing assays (using minigenes spanning SMN genomic sequences between exon 6 and exon 8) (Supplemental Fig. 2; Cartegni and Krainer 2002) . Nuclear extracts that, for unknown reasons (but unrelated to the relative levels of U2AF, SF2/ASF, or hnRNP A1), failed to recognize SMN1 or SMN2 exon 7, displayed equivalent levels of U2AF 65 crosslinking to SMN1 and SMN2 RNAs (Supplemental Figs. 2, 3 ). This correlation suggests that differential U2AF recruitment to intron 6 is relevant for differential exon 7 recognition in SMN transcripts.
U2 snRNP assembly on SMN1 and SMN2 RNAs
To investigate whether the differential binding of U2AF 65 to SMN1 and SMN2 transcripts has subsequent effects on the assembly of other spliceosomal components around SMN exon 7, the same radioactively labeled RNAs were FIGURE 1. Intrinsic U2AF affinity is similar for SMN1 and SMN2. 32 P-radioactively labeled SMN1 or SMN2 exon 7 pre-mRNAs containing the 39 68 nt of intron 6, exon 7 sequences, and 25 nt of intron 7, were incubated with increasing concentrations (30, 90, and 270 nM) of recombinant U2AF 65 lacking the RS domain (DRS-U2AF 65 ) (A) or endogenous U2AF partially purified from HeLa nuclear extract (GUA-guanidine eluate from oligo-dT cellulose columns used to prepare U2AF-depleted extracts) (B). Complexes were assembled on ice and RNA-protein complexes fractionated by electrophoresis on native polyacrylamide gels at 4°C. The positions of unbound-RNA and RNA-protein complexes are indicated. incubated with nuclear extract under splicing conditions and after heparin treatment, splicing complexes were resolved by electrophoresis on native polyacrylamide/agarose gels. The extent and kinetics of ATP-dependent complex A formation (which reflects stable binding of U2 snRNP on to the 39 splice site region) showed an average difference of 1.6-fold between SMN1 and SMN2 (Fig. 3A , D, lane 1, P value=0.03). This difference is somewhat lower than the difference observed for U2AF 65 crosslinking to these transcripts (Fig. 2) .
We next considered the possibility that differences in spliceosome assembly could become more prominent under conditions of competition for factors involved in U2 snRNP binding, which may mimic more accurately the conditions of splice-site competition operating during splice-site selection. Spliceosome assembly assays were therefore carried out in the presence of increasing amounts of unlabeled competitor. The results of Figure 3B and the quantifications of Figure 3C indicate that SMN1 RNA is a better competitor than SMN2 RNA in this assay: unlabeled SMN1 competed more efficiently than SMN2 the assembly of complexes on either radiolabeled-SMN1 or -SMN2 RNAs (Fig. 3B , levels FIGURE 2. Higher levels of U2AF 65 crosslinking to SMN1 intron 6 polypyrimidine-tract. (A) Sequences of the SMN intron 6 39 splice site region and a mutant derivative (Py-mut) in which uridine residues at the polypyrimidine tract (Py-tract) were replaced by cytidines. Exon 7 position 6, different between SMN1 (C) and SMN2 (T) transcripts is also indicated. (B) Pattern of proteins from HeLa nuclear extracts crosslinked to SMN transcripts upon irradiation with UV light. 32 Puridine-labeled RNAs (SMN1 or SMN2, wild type or Py-mut, as indicated) containing the 39 68 nt of intron 6, exon 7 sequences, and 25 nt of intron 7 were incubated with nuclear extracts, and after UV irradiation and RNAse treatment, 10% of the crosslinked material was fractionated on a SDS-polyacrylamide gel and analyzed by Phosphor-Imager. (C) U2AF 65 immunoprecipitation. 90% of the products of crosslinking obtained as in B were immunoprecipitated using the anti-U2AF 65 antibody MC3, or a control monoclonal antibody (104). Immunoprecipitated materials were fractionated on SDS denaturing gels and analyzed by PhosporImager. The positions of molecular weight markers and U2AF 65 are indicated. (D) UV-crosslinking and U2AF 65 immunoprecipitation with increasing amounts of nuclear extracts (NE). Assays were carried out as in (C) using 1.3%, 4%, and 12% of nuclear extracts. (E) Ratio of U2AF 65 crosslinking to SMN1 versus SMN2 transcripts, quantified by PhosphorImager analyses, corresponding to three independent experiments. Error bar represents standard deviation. . Under conditions of competition with SMN1 RNA, the intrinsic difference in U2 snRNP recruitment between SMN1 and SMN2 RNAs was enhanced and became more significant ( Fig. 3D , P < 0.001). We conclude that U2 snRNP assembly is more efficient on SMN1 than on SMN2 transcripts, particularly under conditions of limited availability of assembly factors.
Regulation of U2 snRNP recruitment after U2AF binding
Previous work implicated the splicing regulatory factors SF2/ASF and hnRNP A1 in the differential use of exon 7 in SMN1 and SMN2: the C to T nucleotide difference at exonic position 6 has been proposed to cause the loss of a SF2/ASF-bound enhancer or/and the gain of a hnRNP A1bound silencer in SMN2 transcripts, consequently leading to enhanced exon skipping (Cartegni and Krainer 2002; Cartegni et al. 2006; Kashima and Manley 2003; Kashima et al. 2007b ). We therefore tested the effect of increasing the levels of each of these splicing regulators on U2AF 65 crosslinking to SMN1 and SMN2 RNAs. Figure 4A shows the overall pattern of protein crosslinking. Addition of recombinant purified SF2/ASF did not increase U2AF 65 crosslinking to the SMN1 intron 6 39 splice site region (Fig.  4B, lanes 1,2) , while it slightly increased crosslinking of U2AF 65 to SMN2 transcripts (Fig. 4B, lanes lanes 4,5) . In contrast, hnRNP A1 reduced U2AF 65 crosslinking to SMN1 (Fig. 4B, cf. lanes 1 and 3) , but not to SMN2 RNAs (Fig. 4B,  cf. lanes 4 and 6) . These effects were reproduced in independent experiments and the quantification of U2AF 65 crosslinking, normalized to the levels of SMN1 crosslinking in the absence of added factors, is presented in Figure 4C . We conclude that SF2/ASF and hnRNP A1 display differential effects on U2AF 65 crosslinking, and that these effects depend on the nature of the 39 splice site of SMN1 and SMN2 intron 6 (see Discussion).
Next, we tested the effects of increasing the levels of SF2/ ASF and hnRNP A1 on the complexes assembled on SMN1 and SMN2 transcripts. Addition of recombinant SF2/ASF resulted in increased levels of A complex on both SMN1 and SMN2 transcripts, while addition of recombinant hnRNP A1 resulted in decreased levels of A complex on both transcripts (Fig. 4D) .
Taken together, the results above indicate that regulatory factors can target both U2AF 65 binding as well as subsequent steps in U2 snRNP assembly. To further explore this concept, we used an antisense 29-O-methyl oligonucleotide complementary to SMN exon 7 positions 21-35; antisense oligonucleotides bound to this region have been shown to block the function of a splicing enhancer (Hua et al. 2007 ) recognized by Tra2-b1, SRp30C, hnRNP G, and possibly other factors (Hofmann et al. 2000; Young et al. 2002; Hofmann and Wirth 2002) . Addition of this oligonucleotide, but not of a control, caused efficient inhibition of U2 snRNP binding to both SMN1 and SMN2 RNAs (Fig.  4E ). This was not accompanied by reduced U2AF 65 crosslinking (Fig. 4F, G) , once again suggesting that certain regulatory factors and sequences modulate U2 snRNP recruitment to SMN transcripts at a step subsequent to U2AF binding to the Py-tract.
DISCUSSION
Despite extensive analysis of cis-acting elements and transacting factors relevant for SMN splicing, little was known about how the critical nucleotide difference at position 6 of exon 7 influences recognition of the upstream 39 splice site of SMN1 and SMN2 transcripts by the basic splicing machinery. This is, however, a relevant question to understand the more efficient inclusion of exon 7 in SMN1 transcripts and eventually to design strategies that can stimulate exon inclusion in SMN2 transcripts. Such strategies have significant therapeutic promise based upon results obtained in vitro and in animal models of SMA (Cartegni and Krainer 2003; Skordis et al. 2003; Madocsai et al. 2005; Coady et al. 2007; Hua et al. 2008) .
Our results indicate that the C to U transition at exon 7 position 6 decreases U2AF association to the intron 6 39 splice site in SMN2 transcripts by about twofold (Fig. 2) . This difference in U2AF recruitment in vitro may represent a significant alteration in the balance of splice-site choice under in vivo conditions of 39 splice site cotranscriptional competition, and therefore be responsible for the substantial difference in exon 7 inclusion between SMN1 and SMN2 transcripts observed in vivo. Differential U2AF recruitment correlates with a 1.6-fold lower efficiency of U2 snRNP assembly on SMN2 transcripts (Fig. 3) . The difference in the fold reduction of U2AF 65 crosslinking and A complex formation may reflect the different set up of the two assays: U2 snRNP assembly is monitored by the retarded electrophoretic mobility of heparin-treated complexes, while U2AF association is monitored by UVlight-induced protein-RNA crosslinking, which is likely to provide a snapshot of the occupancy of the RNA by U2AF 65 .
Alternatively, U2AF 65 binding may not be rate-limiting for U2 snRNP recruitment to the SMN intron 6 39 splice site (Hastings et al. 2007) , and therefore the observed differences in U2AF 65 binding may not fully determine the extent of U2 snRNP recruitment. U2 snRNP binding involves basepairing interactions between U2 snRNA and the branch point sequence that require U2AF (Valcárcel et al. 1996) . Stable U2 binding, however, requires a number of additional factors and ATP-driven conformational changes that may not directly depend on the levels of U2AF binding. In this model, the higher efficiency of SMN1 exon 7 inclusion could be related to differences in later events in spliceosome assembly or even catalysis, consistent with observations in other systems (Lallena et al. 2002; Lim and Hertel 2004; House and Lynch 2006; Bonnal et al. 2008; Kotlajich et al. 2008; Sharma et al. 2008 ).
The differences in U2 snRNP association to the SMN1 and SMN2 intron 6 39 splice sites became more obvious under conditions of limited availability of splicing factors (using an excess of competing RNA substrates) ( Fig. 3B,C) . Although it is unclear how these conditions relate to the physiological situation in the cell nucleus, it is possible that distinct features of U2 snRNP assembly on SMN1 and SMN2 revealed by the competition assays of Figure 3C play a role in the efficiency of exon 7 utilization under conditions of cotranscriptional assembly in vivo. Taken together, the results of UV crosslinking and spliceosome assembly assays suggest that both U2AF binding and U2 snRNP assembly on SMN1 and SMN2 transcripts are distinguishable, at least under particular experimental conditions.
Previous work implicated the SR protein SF2/ASF and the hnRNP A1 protein in the differential splicing of SMN transcripts. One model proposed that the C to T +6 transition leads to loss of a SF2/ASF-dependent splicing enhancer in SMN2 exon 7 RNAs (Cartegni and Krainer 2002; Cartegni et al. 2006 ). The second, not necessarily mutually exclusive, model proposed the gain of a hnRNP A1-dependent splicing silencer (Kashima and Manley 2003; Cartegni et al. 2006; Kashima et al. 2007b) . One simple mechanism for the function of these factors would be that their association with SMN1 or SMN2 exon 7 promotes or represses recognition of the 39 splice site by U2AF. This model predicts that SF2/ASF would stimulate U2AF binding to SMN1, but not to SMN2 transcripts, while hnRNP A1 would decrease U2AF binding to SMN2, but not to SMN1 RNAs. The results of Figure 4 , however, show the opposite trend: increasing the levels of SF2/ASF increases U2AF 65 crosslinking to SMN2, but not to SMN1 transcripts; and increased levels of hnRNP A1 reduce crosslinking of U2AF65 to SMN1, but not to SMN2 RNAs. One possible explanation for these results is that SF2/ASF binding to SMN1, and that of hnRNP A1 to SMN2, are saturated (Cartegni et al. 2006) , and therefore, that increasing their levels in the assays does not further enhance the difference in U2AF 65 association to SMN1 and SMN2 detected in our crosslinking assays under normal conditions. Increasing the levels of SF2/ASF could, however, enhance its association with SMN2 transcripts (for which the presence of uridine at position +6 represents a suboptimal SF2/ASF binding site), perhaps decreasing hnRNP A1 binding, and thus increasing U2AF 65 recruitment. Conversely, increasing the levels of hnRNP A1 could enhance its association with SMN1 transcripts (for which the cytidine at position 6 represents a suboptimal binding site), perhaps decreasing SF2/ASF binding and decreasing U2AF 65 recruitment to these RNAs.
The results of Figure 4D indicate that SF2/ASF stimulates, while hnRNP A1 decreases, U2 snRNP binding to both SMN1 and SMN2. SF2/ASF-dependent stimulation of U2 recruitment to SMN2 transcripts (Fig. 4D ) correlates with enhanced U2AF binding (Fig. 4B,C) , whereas, stronger U2 recruitment to SMN1 transcripts does not. These results suggest that an excess of SF2/ASF stimulates other steps in SMN1 39 splice site recognition by U2 snRNP. Similarly, decreased U2 recruitment to SMN1 transcripts by hnRNP A1 (Fig. 3C ) correlates with reduced U2AF binding (Fig.  3B,C) , while the decrease in U2 binding to SMN2 does not. The latter result suggests that other steps in U2 snRNP binding would be decreased by hnRNP A1 in SMN2 RNAs, as observed for other transcripts (Tange et al. 2001) . A possible common explanation for these observations would be that the effects of SF2/ASF and hnRNP A1, when mediated through sequences involving position +6, affect steps in U2 snRNP recruitment other than U2AF binding. In contrast, effects mediated through other SF2/ASF and hnRNP A1 binding sites within exon 7 or flanking sequences influence U2 snRNP recruitment through modulation of U2AF binding.
The observation that an antisense oligonucletide that blocks the function of a Tra2-b1-dependent exonic enhancer inhibits U2 snRNP recruitment without affecting U2AF 65 binding (Fig. 4E-G) is consistent with similar observations made for SR protein-dependent exonic enhancers .
Collectively, the results presented in this manuscript suggest that both U2AF binding and other steps required for stable assembly of U2 snRNP at the branch site can be affected by the single nucleotide difference in exon 7 position 6 between SMN1 and SMN2 transcripts. They also suggest that trans-acting factors like SF2/ASF and hnRNP A1 can target these different steps in a transcript-specific manner.
MATERIALS AND METHODS
RNAs
pCISMNxD-wt or pCISMNxD-c6t (Cartegni and Krainer 2002) were used to transcribe SMN1 and SMN2 RNAs. Py-mut constructs were obtained by replacing the thymidine residues contained in the polypyrimidine tract by cytidines via PCR-based sitedirected mutagenesis of pCI plasmids as described by Hemsley et al. (1989) using 59-phosphorylated oligonucleotides. Templates used to generate transcripts containing the 39 68 nt of intron 6, the complete sequence of exon 7 and 26 nt of intron 7 were generated by PCR using primers SMNCXLFor 59-CGTAATACGACTCAC TATAGGGCTATCTATATATAGCTATC-39 and SMNCXLBack 59-CACTTTCATAATGCTGGCAG-39. RNAs were synthesized from 400 ng of PCR templates in 25 mL transcription reactions containing 40 mM Tris-HCl (pH 7.9), 10 mM NaCl, 6 mM MgCl 2 , 2 mM spermidine, 0.8 mM DTT, 0.4mM ATP, CTP, and GTP, 0.08 mM UTP, 36 U of T7 RNA polymerase and 50 mCi [a-32 P]UTP (Amersham). Full-length substrates were transcribed in the presence of 1.9 mM CAP-analog (m7G[5])ppp[59]G) (New England Biolabs) and GTP was at 0.04 mM final concentration. Reactions were incubated for 2 h at 37°C and transcription products were gel-purified.
Protein expression
GST-U2AF 65 , SF2/ASF, and hnRNP A1 were expressed in and purified from E. coli using previously published procedures (Mayeda and Krainer 1992; Valcárcel et al. 1996) and gelquantified by comparing dilutions of the preparations to a BSA standard.
In vitro splicing and spliceosome assembly assays
Pre-mRNA substrates (10 fmol) were incubated in 10 mL reaction mixtures containing HeLa nuclear extract, 32 mM HEPES (pH 7.9), 1.56 mM MgCl 2 , 0.5 mM ATP, 20 mM creatine phosphate, and 2.6% polyvinyl alcohol. For in vitro splicing assays, reactions were incubated at 30°C for 2 h; RNA was extracted and analyzed on 9% denaturing polyacrylamide gels. Gels were exposed to a PhosphorImager screen. For spliceosome assembly analysis, reactions were incubated at 30°C for 30 min, unless otherwise stated, and then treated with heparin (5 mg/mL). Complexes were separated on 4% acrylamide:bisacrylamide (80:1)-0.5% agarose gels in 50 mM Tris base-50 mM glycine buffer. Dried gels were exposed to a PhosphorImager screen.
UV crosslinking and immunoprecipitation of U2AF 65
Pre-mRNAs were incubated under the same conditions as described for in vitro splicing and spliceosome assembly assays, except that the reaction volume was increased to 25 mL. After 30 min of incubation at 30°C, samples were UV-irradiated (254 nm, 0.4J, 1.7 cm from light source) and treated with RNase A (1 mg/ mL, final concentration) at 37°C for 30 min. A 10% aliquot of the Differential 39 splice site recognition of SMN www.rnajournal.org 521
Cold Spring Harbor Laboratory Press on February 1, 2020 -Published by rnajournal.cshlp.org Downloaded from crosslinked samples was loaded onto a 10% SDS-PAGE. To immunoprecipitate U2AF 65 , 50 mL of anti-U2AF 65 monoclonal antibody, MC3 (Gama-Carvalho et al. 1997) , was added to 90% of the crosslinked material, and 0.1 M KCl Buffer D (20 mM HEPES [pH 8.0], 0.5 mM EDTA, 20% glycerol, 1 mM DTT, 0.05% NP-40) was added to a final volume of 120 mL. Monoclonal antibody 104 (Roth et al. 1990 ) was used for mock-immunoprecipitation. Antibody and antigen were allowed to react on ice for 1 h with periodic swirling. After addition of 50 mL of a 1:1 slurry of Protein A + Protein G Sepharose 4 Fast Flow (at 1:1 proportion; Amersham) in low salt buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1% NP-40), samples were incubated at 4°C with rotation for 1 h Beads were washed three times with high salt buffer (50 mM Tris-HCl [pH 8.0], 500 mM NaCl, 1% NP-40) and three times with low salt buffer and resuspended in 10 mL of SDSloading dye and boiled for 5 min. After centrifugation, the supernatant was loaded on a 10% SDS-polycrylamide gel. Dried gels were exposed to a PhosphorImager screen and signals quantified with ImageQuant TL software (Amersham Biosciences).
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